The functions of caveolae, the characteristic plasma membrane invaginations, remain debated. Their abundance in cells experiencing mechanical stress led us to investigate their role in membrane-mediated mechanical response. Acute mechanical stress induced by osmotic swelling or by uniaxial stretching results in a rapid disappearance of caveolae, in a reduced caveolin/Cavin1 interaction, and in an increase of free caveolins at the plasma membrane. Tether-pulling force measurements in cells and in plasma membrane spheres demonstrate that caveola flattening and disassembly is the primary actin-and ATP-independent cell response that buffers membrane tension surges during mechanical stress. Conversely, stress release leads to complete caveola reassembly in an actin-and ATP-dependent process. The absence of a functional caveola reservoir in myotubes from muscular dystrophic patients enhanced membrane fragility under mechanical stress. Our findings support a new role for caveolae as a physiological membrane reservoir that quickly accommodates sudden and acute mechanical stresses.
INTRODUCTION
Caveolae were first described in the early 1950s through the seminal electron microscopy studies of Palade and Yamada (Palade, 1953; Yamada, 1955) . These characteristic 60-80 nm cup-shaped uncoated invaginations are highly enriched in cholesterol and sphingolipids (Richter et al., 2008) . Present at the plasma membrane of many cells with the exception of neurons and lymphocytes, they are particularly abundant in muscle cells, adipocytes, and endothelial cells. The identification of caveolin-1 (Cav1) (Rothberg et al., 1992; Kurzchalia et al., 1992) and caveolin-2 (Scherer et al., 1996) as the main constituents of the caveolar structure was instrumental to gain insight into the cell biology, structural, and genetic features of caveolae (Stan, 2005) . They have been associated with endocytosis, cell signaling, lipid metabolism, and other functions in physiological as well as in pathological conditions. Nevertheless, the role of these specialized membrane domains remains debated, and little is known about the molecular mechanisms involved in their formation and proposed functions (Parton and Simons, 2007) .
Recent studies have suggested that the distribution of Cav1 and caveolae-mediated signaling can be affected by external mechanical cues. In endothelial cells, chronic shear exposure activates the ERK pathway in a caveolae-dependent manner (Boyd et al., 2003; Park et al., 2000; Rizzo et al., 2003) . In smooth-muscle cells, cyclic stretch can cause association of some kinases with Cav1 (Sedding et al., 2005) . To date, the role of Cav1/caveolae in mechanotransduction is mainly viewed as a downstream signaling platform, whereas their function in primary mechanosensing has not been directly addressed. A recent theoretical study has proposed that budded membrane domains like caveolae could play the role of membrane-mediated sensors and regulators of the plasma membrane tension (Sens and Turner, 2006) . Endowed with a high membrane and lipid storage capacity, owing to the invaginated structure and high lipid packing, caveolae are well equipped to play such a role.
We have challenged the homeostasis of the plasma membrane tension with different types of controlled mechanical stresses and analyzed the role of caveolae in the cell shortterm response. We show in endothelial cells and muscle cells that functional caveolae are required to buffer the variations of membrane tension induced by sudden and transient mechanical stress via a two-step process of rapid caveola disassembly and slower reassembly.
RESULTS

Mechanical Stress Leads to the Partial Disappearance of Caveolae from the Plasma Membrane
We examined the response of caveolae when cells were exposed to acute mechanical stresses. Osmotic swelling causes an increase of the membrane tension of cells unless some additional membrane is delivered to the cell surface (Dai and Sheetz, 1995; Dai et al., 1998; Morris and Homann, 2001 ). Cav1-EGFP-transfected HeLa cells were exposed to hypoosmotic medium (30 mOsm). We observed a 35% increase of the cell volume within the first 5 min and a slow decrease thereafter (Figures 1A and 1B) . Upon reversing back to iso-osmolarity (300 mOsm) after 30 min of hypotonic shock, the volume decreased below the initial cell volume. These observations support the existence of a compensatory mechanism known as regulatory volume decrease, which restores the osmotic balance by activating ion channels (D'Alessandro et al., 2002) . Our data, however, suggest that this process is not dominant during the first 5 min following hypo-osmotic shock. To distinguish caveolae at the plasma membrane from the internal Golgi pool of Cav1, we used total internal reflection fluorescence (TIRF) microscopy ( Figure 1C and Figures S1A and S1B available online). Upon hypo-osmotic shock, we observed that the number of caveolae significantly decreased by $30% at the cell surface ( Figures 1C and 1D ) and that the loss correlated with the magnitude of the shock ( Figure 1E) . Importantly, the cell footprint and the adhesion between the cell and the glass surface were unaltered, as shown by reflection interference contrast microscopy (RICM) ( Figure S1C ). Because caveolae exhibit different types of dynamics at the plasma membrane , we also checked whether any particular pool was selectively affected. Within minutes of hypo-osmotic shock, slow-moving caveolae reduced their mobility ( Figure S1D ), and fast dynamics were abolished (Movie S1 and Movie S2), whereas caveolae displaying all kinds of mobility were reduced in number (Figures S1E and S1F) . Similar results were obtained in mouse lung endothelial cells (MLEC) ( Figure S1B ). Although osmotic shocks have been extensively used to mimic the osmolarity changes that cells experience (Lang et al., 1998) , we sought to rule out any indirect influence of cell swelling on caveolae. We developed a stretching device based on thin transparent silicone substrates to challenge the cell membrane with a different mechanical stress. It allowed imaging of caveolae by TIRF before and after stretch and was combined with micropatterning (Chen et al., 1997) to control the cell adhesion area and its orientation with the stretching axis. The number of caveolae present at the basal footprint of Cav1-EGFP HeLa cells decreased upon stretching (Figures 1F and 1G) , and the loss correlated with the extent of stretch (Figure 1H) . Therefore, acute mechanical stress induced either by hypo-osmotic shock or membrane stretching leads to a rapid and significant loss of caveolae from the cell surface. We next performed electron microscopy (EM) on MLEC. These endothelial cells experience chronic cycles of shear stress from the blood flow in lungs' vessels in vivo. MLEC immunostaining shows multiple subcellular Cav1 positive structures, which are localized predominantly at the plasma membrane and at the Golgi apparatus ( Figure S3B ; Murata et al., 2007) . In contrast, Cav1
MLEC derived from cells knocked out for the CAV1 gene do not present any Cav1 staining. However, Cav1-EGFP expression can be induced by transfection in WT and Cav1 À/À MLEC (Figure S3C) . EM analysis showed a significant decrease of the number of caveolae (50%) upon a 5 min exposure of WT MLEC to a hypo-osmotic shock (Figures 2A and 2B ). These data confirm the results obtained by TIRF imaging and extend our conclusions to endogenous caveolae present on the entire surface of the cell.
Flattening and Disassembly of Caveolae upon Hypo-Osmotic Shock
The contribution of caveolae to the general endocytic activity of the cell is believed to be minimal (Nabi and Le, 2003) , and endocytosis is disfavored at high membrane tension (Dai et al., 1997) . We still tested whether the loss of caveolae upon hypo-osmotic was due to increased caveola endocytosis. We used dynasore, an inhibitor of the dynamin GTPase that is involved in caveola internalization (Henley et al., 1998; Macia et al., 2006) . Indeed, dynasore significantly increased the caveolae density at the plasma membrane, reflecting the efficient inhibition of caveola endocytosis ( Figure 2C ). However, upon hypo-osmotic shock, a similar loss of caveolae was measured ( Figures 2C and 2D ). We next examined Cavin1, which is part of the caveolar complex and is required to maintain caveola invagination Hansen et al., 2009 ). Cavin1 does not bind to free Cav1 oligomers or to Cav1 present on the Golgi apparatus. We found a high level (64%) of Cav1-EGFP colocalization with Cavin1-mCherry ( Figure 2E ). Upon hypo-osmotic shock, there was a similar or even higher loss of Cavin1-labeled structures, confirming the partial loss of caveolae ( Figure 2F ). We also observed a decreased colocalization with Cavin1 (35%) for the remaining caveolae, suggesting a loss of their invaginated structure. We quantified the interaction between Cav1 and Cavin1 using fluorescence lifetime imaging microscopy (FLIM). When Cavin1 is present in caveola, the close proximity of mRFP-Cav3 and Cavin1-EGFP results in FRET and a decrease in the EGFP fluorescence lifetime Hill et al., 2008) . There was a significant increase in the fluorescence lifetime upon hypo-osmotic shock, indicating the dissociation of Cavin1 from Cav1 ( Figure 2G ). We also performed Cav1 immuno-EM on MLEC before and after hypo-osmotic shock ( Figure 3A and Figure S2A ). We found a 10-fold increase in the number of gold particles associated with Cav1 in noncaveolar membranes after 5 min of hypo-osmotic shock ( Figure 3B ). Upon returning to isoosmolarity, cells recovered the initial number of caveolae, and
Cav1 was mainly associated with caveola ( Figures 3B and 3C ). Under iso-osmotic conditions, deep-etched EM showed a majority of budded caveolae with characteristic tight striated coats (Morone et al., 2006) . After hypo-osmotic shock, several flat structures with loose striated coats reminiscent of formerly budded caveolae were observed. Upon iso-osmolarity recovery, all caveolae were budded ( Figure 3D and Figure S2B for three-dimensional view). These findings clearly indicate that cells respond to acute mechanical membrane stress by the rapid flattening of a fraction of the caveola. We also measured the level of Cav1-EGFP diffusing freely at the membrane using fluorescence recovery after photobleaching (FRAP). At steady state, the fraction of freely diffusing Cav1 in the plasma membrane was low (10%; Figure 3E ), as reported (Pelkmans et al., 2004; Hill et al., 2008) . However, we measured a higher mobile fraction (30%) in cells exposed to hypo-osmotic shock for at least 10 min. This increase is likely to reflect the release of Cav1 from flattened caveolae.
Caveolae Are Selectively Required for Buffering Membrane Tension
Caveola flattening is likely to release the amount of membrane stored within the caveolar invagination and thereby to provide the additional membrane required to maintain membrane tension homeostasis during mechanical stress (Sens and Turner, 2006) . We tested this hypothesis with the tether pulling technique (Dai and Sheetz, 1995) , which measures the cell membrane tension. Optically trapped beads adhering to the plasma membrane served as handles to extract membrane tethers ( Figure 4A , Figure S3A and Movie S3). The restoring tether force f, which was derived from the bead displacement, is an indicator of the effective membrane tension (Sheetz, 2001 ). Its value is proportional to the square root of the effective tensions, which corresponds to the sum of the lipid bilayer tension s and the cytoskeleton-to-membrane adhesion energy W 0 . The latter term represents $75% ofs (Dai and Sheetz, 1999) and arises from all molecular interactions between membrane and cytoskeleton. The presence of exogenous proteins is thus likely to have an intricate influence on W 0 , as (B) Quantification of caveolae detected per mm of plasma membrane on ultrathin cryosections of WT MLEC before (Iso) and 5 min after switch to hypo-osmotic medium (Hypo) reveals a significant decrease (p = 0.047) in the number of caveolae after hypo-osmotic shock. Total membrane used for quantification was 76 and 67 mm for iso-and hypo-osmotic conditions, respectively, imaged from different sections of multiple randomly selected cells (>10). Data represent mean ± SD. (C) Time evolution of caveolae number (± SD) detected by TIRF in control (Ctrl) and dynasoretreated cells (Dyn) normalized to the caveolae number before addition of dynasore (t = À5 min). Dynasore was added at t = 0, and hypo-osmotic shock was applied at t $45 min (30 mOsm, shaded region). Error bars represent SD; n = 4. (D) Change in number of caveolae for single cells in control (Ctrl) and in dynasore-treated cells (Dyn) after hypo-osmotic shock normalized to the number before shock (Iso) (n = 9). Error bars represent SD (p = 1 3 10 À4 ).
(E) TIRF images of HeLa cells expressing Cavin1-mCherry and Cav1-EGFP before (Iso) and 5 min after switch to hypo-osmotic conditions (Hypo). Scale bar, 10 mm. shown later. Tether force measurements do not enable a priori to separate s and W 0 . Therefore, we used the tether pulling technique as a differential assay to probe the relative changes in tether forces under conditions that keep W 0 unaltered. In particular, osmotic shocks have been assumed to mostly affect s with minor changes on adhesion (Dai et al., 1998 Percentage of gold particles found in caveolae and endosomal structures close to the plasma membrane versus those found in noncaveolar membranes (*p = 4 3 10 À3 ; **p = 4 3 10 À2 ; ***p = 1 3 10 À3 ). Total membrane used for quantification was 23, 24, and 35 mm, respectively, for iso-osmotic, hypo-osmotic, and recovered iso-osmotic conditions, imaged from different sections of multiple cells. Error bars represent SE. (C) Comparison between the number of caveolae per mm of membrane before hypo-osmotic shock (Iso) and after return to iso-osmotic medium (Rec) analyzed from ultrathin cryosections of WT MLEC using 60 mm of membrane imaged from different sections (n = 8) of multiple cells. Data represent mean ± SE (p = 1 3 10
À2
). (D) Deep-etched EM images of MLECs under iso-osmotic (Iso), hypo-osmotic (Hypo, 5 min), and recovered iso-osmotic (Rec, 5 min) conditions. Scale bar, 200 nm. Left insets depict representative images of clathrin-coated pits. Right images depict representative images of caveolae. Scale bars (insets), 100 nm. See also Figure S2B . (E) Fluorescence recovery after photobleaching (FRAP) of Cav1-EGFP in HeLa cells in iso-osmotic (Iso; n = 8), hypo-osmotic (Hypo; n = 8), and recovered isoosmotic conditions (Rec; n = 8). Lines show fit for the curves to standard recovery equation. Hypo-osmotic shock results in a statistically higher fluorescence recovery (p = 2 3 10 À4 ) than in iso-osmotic conditions. Data represent mean ± SE.
actin bundles architecture, we found that the cortical actin cytoskeleton was unaltered within the first 5 min of osmotic shock ( Figures S3D-S3F ). At these timescales, variations in f thus directly mirror changes in s. We measured the tether force f 0 in isotonic conditions and recorded the variations of the tether force f while MLEC were exposed to hypo-osmotic shock. MLEC. We found that, upon hypo-osmotic shock (150 mOsm), f remained almost identical to f 0 in WT MLEC. In contrast, the tether force increased by 200% in Cav1 À/À MLEC. Our data imply that the membrane tension increase is buffered in WT MLEC by the presence of caveolae. Importantly, the expression of functional caveolae by transfection of Cav1-EGFP in Cav1
MLEC restored membrane tension buffering. Therefore, the lack of membrane tension buffering is due to the absence of caveolae and not to other cellular structures that may have been altered in Cav1 À/À MLEC ( Figure 4A ). M-b-cyclodextrin, which flattens caveolae through cholesterol depletion (Rothberg et al., 1992) , led also to membrane tension increase upon hypo-osmotic shock in WT MLEC ( Figure 4A ), confirming that caveola flattening is required for buffering the membrane tension surge. Finally, we have calculated that the number of lost caveolae per cell observed by TIRF and EM is in excellent agreement with the amount of released area ($0.3%) required to buffer s (see Supplemental Results). We also tested whether clathrin-coated pits (CCP), another type of plasma membrane invagination, could buffer membrane tension. Thus, we quantitatively analyzed the fate of CCPs upon hypo-osmotic shock in MLEC and HeLa cells. We observed that the number of CCPs lost at the membrane was, at most, one-tenth of the number of lost caveolae, both in WT and Cav1 À/À MLEC ( Figures   S4A-S4C ). Accordingly, deep-etch EM showed that the structure of CCPs was not affected ( Figure 3D ). Additionally, under hypo-osmotic shock, membrane tension was buffered to the same extent whether clathrin was expressed or knocked down in WT MLEC ( Figures S4D and S4E ). In contrast, Cav1 À/À MLEC having CCPs could not buffer the membrane tension surge. These results rule out a contribution of CCPs in membrane tension regulation and establish caveolae as the primary stress-responsive membrane structure. Finally, we obtained similar results in Cav1-EGFP HeLa and in embryonic fibroblasts (MEF) lacking or expressing Cav1 (Figure 4B) . We could further extend the physiological significance of these findings by measuring the stress reactivity of human muscle cells. Several human muscular dystrophies have been associated with mutations in Cav3, the muscular isoform of caveolin (Woodman et al., 2004) , and more recently with mutations in Cavin1 (Hayashi et al., 2009) . Most Cav3 mutations prevent caveolae assembly at the plasma membrane by sequestration of Cav3 in the Golgi apparatus. We studied differentiated human myotubes bearing the P28L Cav3 mutation described in familial hyperCKaemia (FHCK), a hereditary form of muscular dystrophy (Woodman et al., 2004) . Muscle fibers that were isolated from these patients show a strong decrease of Cav3 expression and reduced Cav3 staining at the cell surface (Merlini et al., 2002) . Accordingly, we found that Cav3 immunostaining was restricted to the Golgi apparatus in P28L Cav3 myotubes, whereas WT Cav3 was mainly found at the plasma membrane ( Figure 4C ). Under hypo-osmotic shock, membrane tension was increased in P28L Cav3 myotubes and buffered in WT Cav3 myotubes ( Figure 4D ). P28L myotubes and Cav1 À/À MLEC also showed an increased tendency to membrane rupture under hypo-osmotic shock ( Figure S5 ). This may explain the high blood level of creatine kinase found in these patients in the absence of a functional caveolar reservoir during the repeated extensionrelaxation cycles.
Membrane Tension Surge Buffering by Caveola
Flattening Occurs in an ATP-and Actin-Independent Process Although the actin cytoskeleton was unaffected by hypoosmotic shocks at early times, we still investigated its potential role in caveola flattening. Under hypo-osmotic shock (30 mOsm), none of the actin-perturbing drugs prevented the loss of caveolae from the membrane ( Figure 5A ). This was further confirmed by cell ATP depletion before hypo-osmotic shock.
ATP depletion abolished the mobility of the internal pool of caveolae, confirming the inhibition of active cellular processes (Movie S4 and Movie S5). However, a similar loss of caveolae occurred in ATP-depleted cells ( Figure 5A ). Likewise, upon cell stretching, caveolae still disappeared in ATP-depleted and cytochalasin D (CD)-treated cells (Figures 5B and Figure S6A ). Furthermore, membrane tension measurements under hypoosmotic shock (150 mOsm) showed that the tether force of Cav1 À/À MLEC still increased by 200% in cells treated with CD or depleted in ATP (Figures 5C and Figure S6B ). In contrast, no significant tether force variation was measured for WT MLEC, indicating that the buffering is not dependent on ATP and actin dynamics. Importantly, the invaginated shape of caveola was unaffected by CD or ATP depletion ( Figure S7 ). Finally, we could unambiguously establish that membrane tension buffering is an intrinsic mechanical property of caveolae by using plasma membrane spheres (PMS). PMS are composed of plasma membrane and cytosol, whereas the subcellular compartments (Lingwood et al., 2008) and filamentous actin ( Figure S6C ) are excluded. PMS were prepared from MLEC transfected with Cav1-EGFP and Cavin1-mCherry. As expected, a major colocalization of Cavin1 and Cav1 was observed at the plasma membrane of the donor cell ( Figure 5D ). Confocal imaging revealed that Cavin1 was present inside PMS and along the membrane, where it colocalized with Cav1 as a punctuated pattern likely to reflect the incorporation of caveolar invaginations in these vesicles ( Figure 5E ). PMS were then mechanically stressed by micropipette aspiration (Dimova et al., 2006) . Membrane tethers were pulled with optical tweezers from PMS aspirated under minimal pressure ( Figure 5E ). Upon increasing aspiration pressure, PMS from Cav1 À/À MLEC exhibited a steady tether force increase, whereas f remained constant over a significant range of aspiration pressures in PMS from WT MLEC (Figure 5F ). Concomitantly, over the aspiration range corresponding to the force plateau, the number of Cavin1/Cav1 colocalizations also decreased to noise level ( Figure 5E ). When the aspiration was increased further, the force plateau was followed by an increase in f, which is in agreement with the complete flattening of caveolae and thus depletion of all residual membrane reservoir ( Figure 5F ). We also measured identical amounts of free cholesterol in WT and Cav1 À/À PMS ($75 ± 20 nmol/mg of cell protein), indicating that the lack of buffering effect in Cav1
PMS is not related to changes in lipid composition. These results on PMS reinforce our findings obtained with actin drugs and ATP depletion in cells and definitely establish that membrane tension buffering by caveolae flattening is a purely passive mechanism solely driven by membrane mechanics.
Caveolae Reassemble in an Actin-and ATP-Dependent Process upon Stress Relaxation
We next examined the behavior of caveolae when cells were left in hypo-osmotic medium (30 mOsm) for 5 min and returned to iso-osmotic medium (300 mOsm). Within 2-5 min, caveolae reappeared at the plasma membrane ( Figures 3A-3D and Figure 6A) . Accordingly, there was a decrease of both the fraction of mobile Cav1 ( Figure 3E ) and Cav1 immunogold labeling in noncaveolar membranes ( Figures 3A and 3B and Figure S2A ). We also measured a decrease in EGFP fluorescence lifetime, indicating the reassociation of Cav1 and Cavin1 and therefore the reassembly of functional caveolae at the cell surface ( Figure 6B ). On average, the initial rate of reassembly was about 10 caveolae per min per cell and required ATP ( Figure 6C ). In contrast to caveolae disassembly, reassembly was enhanced when actin dynamics were blocked by CD. Finally, we tested whether caveolae reassembled directly from the plasma membrane pool of free Cav1 or from other compartments. The disruption of the Golgi apparatus by Brefeldin A (BFA) did not prevent reassembly excluding a major contribution of the Cav1 Golgi pool ( Figure 6D ). Furthermore, we found no significant transfer of the photoconverted Golgi pool of Cav1 to the plasma membrane on returning to iso-osmolarity. However, the nonphotoconverted Cav1 present throughout the cell showed an increased punctuated localization at the plasma membrane ( Figure 6E and 6F) .
DISCUSSION
Since their discovery in 1953, the precise role of caveolae has remained a matter of considerable debate. Freeze-fracture analysis of the surface membrane of smooth and striated muscle cells in the early 1970s led to the first hypothesis that caveolae could flatten out under stretching conditions (Dulhunty and Franzini-Armstrong, 1975; Prescott and Brightman, 1976) . Later studies have also associated caveolae with the mechanosensing response of the cell (Boyd et al., 2003; Park et al., 2000; Rizzo et al., 2003; Sedding et al., 2005; Kawamura et al., 2003; Kozera et al., 2009) . Whether caveolae are directly involved in the cell response to mechanical stress, and by which mechanisms, still remain unknown. In this study, we establish that the primary cell response to an acute mechanical stress occurs through the rapid flattening of caveolae into the plasma membrane. Upon cell stretching or osmotic swelling, caveolae flattening provides the additional amount of membrane that inhibits any surge of membrane tension. This response occurs also in ATP-depleted cells and in membrane-derived vesicles devoid of actin, indicating that the ability to buffer membrane tension is intrinsic to the caveola structure. These results are in line with a theoretical model proposing that invaginated domains can serve as a membrane reservoir to regulate the membrane tension (Sens and Turner, 2006) . However, in contrast to this model, which predicted that flattening of existing caveolae or budding of new caveolae was driven by the deviation of the membrane tension with respect to the resting tension, our data indicate that the regulatory mechanism is asymmetric. Whereas stress-induced flattening of caveolae is truly passive, the reassembly of new caveolae is assisted by ATP and actin dynamics. The energy landscape for flat and invaginated caveola is thus characterized by an activation energy. The transition between the two forms thus requires an energy barrier to be overcome or lowered. In this model, the flat configuration would be stabilized upon application of a mechanical force, whereas the formation of invaginated caveola is energetically favored through interactions with cortical actin in the presence of ATP. This is consistent with the known role of actin dynamics and various kinases in caveola function . Our results further indicate that clathrin-coated pits, the other abundant invaginations present at the plasma membrane, are not involved in the fast response to membrane strain. Whereas CCPs exchange coat proteins within seconds, most caveolae are rather stable at the plasma membrane. The stability of caveolae combined with their low endocytic activity allows this membrane reservoir to be readily available to respond to sudden mechanical strains. The stability of the caveolae reservoir is a striking feature of cells that experience pulsating mechanical stresses in their lifetime (muscle cells, cardio-myocytes, and endothelial cells) because they all express very high numbers of caveolae. Indeed, we could associate the lack of Cav3 expression at the surface of myotubes with impaired membrane tension buffering in patients bearing the Cav3 P28L mutation found in a form of human muscular dystrophy. Interestingly, P28L myotubes appear to be more fragile than WT myotubes when exposed to acute osmotic shock.
We have shown that the timescales of caveolae and actin cortex responses to osmotic shock are well separated (<2 min and >5 min, respectively). Though the immediate response to mechanical stress relies primarily on caveola flattening, it is likely that other processes such as endocytosis, exocytosis, and actin dynamics may prolong or complete the initial response at longer times. Whether and how caveolae also contribute to long timescale regulation remain to be investigated. In endothelial cells, the application of chronic and repetitive shear stress tensions results in a several-fold increase in the number of caveolae at the plasma membrane through the mobilization of the Cav1 pool associated with the Golgi complex (Boyd et al., 2003; Park et al., 1998) . In agreement with the slow delivery rate of Cav1 from the Golgi complex (Tagawa et al., 2005) , we show that caveolae are reassembled independently from the Golgi complex when the mechanical stress is relaxed. It is thus important to distinguish between the short-term mechanical function of caveolae and the long-term adaptation of the cell to chronic stress. In this context, we also analyzed the contribution of caveolae to the setting of the membrane tension under resting conditions. At steady state, we measured a lower membrane tension in Cav1 À/À than in WT MLEC;
however, it was identical in WT and Cav1 À/À MEF, albeit to a lower level ( Figure S8A ), raising the possibility of a peculiarity of MLEC. Furthermore, the resting tension was drastically affected by m-b-cyclodextrin, cytochalasin D, or ATP depletion treatments in the different cell types, independently from the expression of caveolae ( Figure S8B ). Although caveolae play a key role in cell tension homeostasis, their direct contribution to the resting tension remains intricate. As previously mentioned, the dynamic membrane-to-cytoskeleton adhesion, which is the main contribution to the apparent membrane tension, is likely to be regulated by cell line-dependent compensatory mechanisms. Figure 6 . Caveolae Reassembly at the Plasma Membrane upon Recovering IsoOsmolarity (A) TIRF imaging of caveolae reassembly after shifting from hypo-osmotic (Hypo) to iso-osmotic (Rec) conditions. Dotted line marks out the cell boundary. Scale bar, 5 mm.
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(B) HeLa cells transiently expressing Cavin1-EGFP with or without Cav3-mRFP were exposed to hypo-osmotic medium (Hypo) for 15 min followed by iso-osmotic medium (Rec) for 10 min and were analyzed by FLIM. Data represent mean EGFP fluorescence lifetime ± SE (n = 40-60 cells; *p = 8 3 10 À7 ).
(C) After hypo-osmotic shock (15 min), cells were returned to iso-osmolarity (t = 0 min). Data represent the number of caveolae per cell for cytochalasin D-treated (CD), ATP-depleted (no ATP), and control cells (Ctrl). Error bars represent SD.
(D) (Left) TIRF images show a typical BFA-treated cell after 15 min hypo-osmotic shock (Hypo) and after 3 min of recovering iso-osmolarity. Scale bar, 10 mm. (Right) Quantification of the number of caveolae before hypo-osmotic shock, after 15 min hypo-osmotic shock, and after 3 min of recovery to iso-osmotic conditions in BFA-treated (n = 3) and control cells (n > 10). *p = 8 3 10
À29
; **p = 1 3 10
À22
. Error bars represent SD. (E) Cav1-Dendra2 photoconversion from green to red fluorescence at the Golgi apparatus (rectangle) of HeLa cells followed through hypoosmotic shock and recovery to iso-osmotic conditions. Arrow marks out the section of the plasma membrane used for plotting intensity profiles. (F) Intensity profiles of green (Cav1-Dendra2) and red (photoconverted Cav1-Dendra2) fluorescence at the plasma membrane before (top) and after (bottom) switch from hypo-osmotic to iso-osmotic conditions.
The well-conserved scaffolding domain of caveolin (CSD) has been involved in both the assembly of caveolae and the interaction with several signaling effectors in vitro (Parton et al., 2006; Parton and Simons, 2007) . Because several of these effectors have been associated with mechanotransduction (Vogel and Sheetz, 2006) , stress-induced disassembly of caveolae may generate mechanosensitive signals mediating the short-and long-term cell response to mechanical challenges. It is tempting to speculate that the mechanical release of free Cav1 oligomers could favor the interaction between signaling effectors and CSD, which is otherwise hidden in the caveolar structure Parton et al., 2006) . This mechanosensitive signaling would be terminated through the reassembly of free Cav1 oligomers into caveolae when the mechanical stress is relaxed. Endocytosis, which is favored for the retrieval of the excess of membrane during tension relaxation, may also contribute to signaling termination through the internalization of free Cav1 and its degradation in the endolysosomal pathway. The recently characterized Cavin1 protein, which was first described as a transcription factor (Jansa et al., 2001) , may also contribute to mechanosignaling regulation through the release from flattened caveola. Indeed, the redistribution of Cav1 to noncaveolar portions of the plasma membrane, the increased mobility of Cav1, and the decreased association of Cav1 and Cavin1 upon hypo-osmotic treatment are all consistent with the effect of Cavin1 knockdown on these parameters , suggesting that dissociation of the Cav1-cavin module may be crucial in the caveolar response.
Our study establishes a new physiological mechanism by which cells can respond immediately to sudden variations in membrane tension induced by acute mechanical stress (Figure 7) . The different proposed roles of caveolae should therefore be reconsidered through this unique ability to respond to mechanical stress, especially in situations in which cells experience physiological or pathological membrane strains such as osmotic swelling, shear stress, or mechanical stretching.
EXPERIMENTAL PROCEDURES
A list of chemicals and materials can be found in the Extended Experimental Procedures.
Cell Culture and Treatments MLEC (Murata et al., 2007) were maintained in EGM-2/20% FBS medium. They were transfected with AMAXA HUVEC nucleofector kit and used for experiments after 24-72 hr. HeLa cells stably transfected with Cav1-EGFP (Pinaud et al., 2009 ) and MEFs were maintained in DMEM/10% FBS. HeLa cells were transfected with FuGENE or Lipofectamine 2000 and used after 16 hr. Human muscle cells were maintained in X medium (64% DMEM, 16% 199 Medium, 20% FBS, 2.5 ng/ml HGF, 50 mg/ml gentamycin + 10 À7 M dexamethasone). For differentiation, cells were grown on collagen type I coated surface for 7-10 days in DMEM supplemented with 50 mg/ml gentamycin, 10 mg/ml of bovine insulin, and 100 mg/ml of human apotransferrin. . Cytochalasin D (CD), Latrunculin A (Lat), and Jasplakinolide (Jas) were used for 15 min at 37 C at 5 mg/ml, 1 mM, or 1 mM, respectively in normal medium. ATP depletion was performed by incubating the cells for 30 min at 37 C in PBS 2+ with 10 mM deoxy-D-glucose and 10 mM NaN 3 . For disrupting the Golgi apparatus, cells were pretreated for 50 min with 10 mg/ml BFA. Cells were incubated for 50 min in PBS 2+ supplemented with 5 mM mbCD to extract cholesterol. Hypo-osmotic shock was performed on pretreated cells by using growth medium diluted appropriately in deionized water (1:9 dilution for 30 mOsm hypo-osmotic shock and 1:1 for 150 mOsm hypo-osmotic shock). The concentration of all drugs was maintained during the hypo-osmotic shock as well as during recovery.
Membrane Tether Extraction and Force Measurements
Plasma membrane tethers were pulled out from cells by a concanavalin A-coated bead trapped in optical tweezers (Cuvelier et al., 2005) . After extraction, the tether was held at a constant length between 5 and 150 mm, and tether forces were measured from the detected position of the bead after calibration of the optical trap. Samples were maintained at 37 C throughout.
PMS Formation and Micropipette Aspiration
Plasma membrane spheres (PMS) were generated by a protocol adapted from Lingwood et al. (2008) . Cells were grown on glass coverslips and were incubated for 6-8 hr in PBS 2+ supplemented with 10 mM MG132. Individual PMS were selected for micropipette aspiration experiments as described previously for lipid vesicles (Sorre et al., 2009) . In brief, PMS were held with a micropipette (diameter $3 mm) under slight aspiration. By partially entering the pipette, the membrane is strained. Tether forces were measured as explained above, and the aspiration of the PMS was gradually increased.
Fluorescence Imaging and Analysis TIRF microscopy was performed using a 1003, 1.45 NA objective and an EMCCD camera (Hamamatsu Photonics, Japan) in a Zeiss Axiovert 200 microscope. Confocal imaging was performed on a Nikon A1R microscope with a 1003, 1.4 NA objective at 1 airy unit pinhole aperture. TIRF-FRAP experiments (5 3 5 mm bleaching region) were performed on a Nikon Eclipse 2000 microscope equipped with an EMCCD camera (Roper Scientific, Tucson, AZ). Cells were maintained at 37 C during imaging. Confocal images of PMS were taken in a Z section of width 0.4 mm around the equatorial plane. Image In resting conditions, caveolae present at the plasma membrane are mostly budded. Magnification shows oligomerized Cav1 and Cavin1 in the caveolar structure. Upon acute mechanical stress (hypo-osmotic shock or stretching), caveolae flatten out in the plasma membrane to provide additional membrane and buffer membrane tension. Magnification shows disassembly and diffusion of Cav1 in the plasma membrane and loss of interaction between Cav1 and Cavin1. Return to resting conditions allows the reassembly of the caveolar structure together with Cavin1 interaction. This cycle represents the primary cell response to an acute mechanical stress.
analysis (caveolae detection, volume measurement, FRAP, and colocalization) was done using Labview 8.5 and Vision 8.5 (National Instruments, Austin, TX) as detailed in the Extended Experimental Procedures. FLIM microscopy was performed as described previously .
Cell Stretching
Cells were grown on a rectangular PDMS sheet (thickness $100 mm, dimensions $12 3 7 mm) decorated with adhesive micropatterns and stretched uniaxially using a custom-built device equipped with a motorized linear actuator (PI, Karlsruhe, Germany) and a temperature controller. Imaging was done on the TIRF microscope. Strains were applied in $5 s, and the number of caveolae was measured from images taken within 1-3 min of stretching.
Immunofluorescence Studies Cells were fixed, immunolabeled, and imaged on an inverted microscope (Leica, Wetzlar, Germany).
Deep-Etched EM of the Cytoplasmic Surface of MLEC Cells grown on coverslips were prepared by first unroofing their apical surface, and then fixing and freezing the basal surface. The cytoplasmic surface was deeply etched and rotary shadowed with platinum/carbon at an angle of 22 C from the surface and with carbon from the top. The replica was mounted on the sample grid and observed using a transmission electron microscope.
Electron Microscopy
For conventional EM, cells were grown on coverslips, fixed, dehydrated, and embedded in epon. For ultrathin cryosectioning and immunogold labeling, cells were fixed and processed for ultracryomicrotomy and were immunogold labeled. Quantification of caveolae was done by counting only the number of neck-open caveolae at the plasma membrane in EM images that had at least one caveola.
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